Background and aims Urea is the predominant form of N applied as fertilizer to crops, but it is also a significant N metabolite of plants themselves. As such, an understanding of urea metabolism in plants may contribute significantly to subsequent N fertilizer management. It currently appears that arginase is the only plant enzyme that can generate urea in vivo. The aim of this work was, therefore, to gain a more in-depth understanding of the significance of the inhibition of endogenous urease activity and its role in N metabolism depending on the N source supplied. Methods Pea (Pisum sativum cv. Snap-pea) plants were grown with either ammonium or nitrate as the sole N source in the presence or absence of the urease inhibitor NBPT. Results When supplied, NBPT is absorbed by plants and translocated from the roots to the leaves, where it reduces endogenous urease activity. Different N metabolic responses in terms of N-assimilatory enzymes and N-containing compounds indicate a different degree of arginine catabolism activation in ammonium-and nitrate-fed plants.
Introduction
The low recovery of nitrogen (N) in agricultural systems is often associated with large losses to the environment. The major environmental concerns associated with these N losses are aquifer contamination by nitrates (Ward et al. 2005) , excessive loading of reduced N to surface waters and subsequent eutrophication processes (Camargo and Alonso 2006) , global warming derived from increasing atmospheric nitrous oxide (N 2 O) levels, and soil acidification due to re-deposited NH 3 (Bobbink et al. 2010; Goulding et al. 1998) . In this critical scenario, the development of new N management strategies and tools is vital to ensure good agricultural practices and sustainable agriculture systems. To this end, it is essential to identify, understand and quantify mechanisms associated with plant responses to N.
Urea, which is currently the most widely used N fertiliser for crop plants worldwide (International Fertilizer Industry Association, IFA 2010) , is also an important N metabolite in plants. As such, a greater understanding of urea metabolism in plants may contribute significantly to subsequent N fertilizer management. Two main endogenous urea sources have traditionally been suggested in plants: the catabolism of Arg by arginase in the mitochondrial matrix, which generates ornithine and urea (Polacco and Holland 1993) , and the ureide degradation pathway . Nowadays, however, there is little consensus regarding endogenous urea production via the ureide degradation pathway. The exact route of allantoate degradation in plants is still a matter of some debate. Recently, a combination of comparative genome analysis and bioinformatics together with experimental evidence has led to a putative enzymatic route for purine ring catabolism in which N appears to be released as ammonia rather than as urea (Werner and Witte 2011) . As such, arginase is currently the only plant enzyme known to generate urea in vivo (Witte 2011) . The urea produced by Arg catabolism is hydrolysed by urease, and the ammonium is re-assimilated by glutamine synthetase with glutamate substrate (Witte 2011) . The only firmly established role for urease in plant metabolism, apart from hydrolyzing root-imported urea, is therefore the mobilization of half of the N stored in Arg towards glutamine (Schema 1; Witte 2011). Arginine catabolism is central to the remobilization of N supplying N to sink organs during reproductive stage (Ma et al. 2012) , germination and senescence (Witte 2011) , in N translocation in symbiotic associations with arbuscular mycorrhizal (AM) fungi (Cruz et al. 2007) , and during N recycling after protein degradation.
We have shown in previous work that the urease activity inhibitor N-(n-butyl) thiophosphoric triamide (NBPT), which is supplied to crops together with ureabased fertilisers, is absorbed by plant roots and then transported to shoots Cruchaga et al. 2011) . When NBPT is supplied as part of the nutrient solution as well as in the soil , it is absorbed by plants, subsequently reducing endogenous urease activity as much as 80 %. As the metabolic function of the urease activity is not yet fully understood in terms of the N metabolism of nitrate-and/or ammonium-fed plants, the main objective of this work was to assess the significance of Arg catabolism and its effect on N metabolism depending on the N source supplied (ammonium or nitrate) as the sole N source. Although arginine catabolism (arginase and urease enzymes) is generally associated with N recycling during seed germination (Zonia et al. 1995; Flores et al. 2008 ) and senescence Sattelmacher 1997, 1999) , we herein propose for the first time that urea metabolism, particularly Arg catabolism, also plays a role in N conversion after assimilation, depending on whether the N source supplied is nitrate or ammonium. Furthermore, although the NBPT is usually added together with urea, it may also be applied together with inhibitors of nitrification, leading to different N-forms, namely urea, ammonium and eventually nitrate, coexisting in the soil. Thus, knowledge in depth of the effect of NBPT on N metabolism in plants fed with an N source other than urea constitutes an additional interesting investigation.
Materials and methods

Plant material and growth conditions
Pea (Pisum sativum L., cv. Snap-pea) seeds were sown in vermiculite:perlite (2:1) and irrigated with distilled water. All seeds were surface-sterilized as previously described (Labhilili et al. 1995) . After 10 days, the seedlings were transplanted to a continuously aerated hydroponic culture, with eight seedlings per 8 L tank. The Nfree nutrient solution (1.15 mM K 2 HPO 4 ; 2.68 mM KCl; 0.7 mM CaSO 4 ; 0.07 mM Na 2 Fe-EDTA; 0.10 mM MgSO 4 ; 16.5 μM Na 2 MoO 4 ; 3.7 μM FeCl 3 ; 3.4 μM ZnSO 4 ; 16 μM H 3 BO 3 ; 0.5 μM MnSO 4 ; 0.1 μM CuSO 4 ; 0.2 μM AlCl 3 ; 0.1 μM NiCl 2 ; 0.06 μM KI) was supplemented with either NH 4 + or NO 3 − at 1.5 mM as (NH 4 ) 2 SO 4 or Ca(NO 3 ) 2 , respectively (Lasa et al. 2001) . After growth for 2 weeks, the urease inhibitor NBPT was applied to the nutrient solution at a final concentration of 100 μM for 9 days. NBPT stock solution was stored for a few days before application in order to favour the more efficient oxidized form. The hydroponic solution was changed every 7 days. Hydroponically cultured plants were grown under controlled conditions at 22/18°C (day/night), 60/80 % relative humidity, 16/8 h photoperiod and 600 μmol m −2 s −1 photosynthetic photon flux.
Three independent series of plants were grown until the 3rd node stage was reached. Root and shoot samples were then frozen in liquid N 2 for analysis. At harvest, nine plants per treatment were divided into shoots and roots, weighed, and then dried at 80°C for 48 h to determine the dry weight (DW).
Gas-exchange parameters
Net CO 2 assimilation rates, stomata conductance and internal CO 2 concentrations were determined using a portable gas-exchange system IRGA (LI-6200, Li-Cor, Lincoln, NE, USA). Measurements were performed on the youngest fully expanded leaf and with various different plants in each treatment. The foliar area was obtained using a LICOR LI-3000 area measurer (LiCor).
Protein extraction and enzymatic assays GS (L-glutamate:ammonia-ligase; EC 6.3.1.2) was extracted from frozen plant material (0.5 g) and homogenized in a mortar containing liquid N 2 and 5 mL of the following extraction medium: 50 mM Tris-HCl Funck et al. 2008; Witte 2011) . Arginine is hydrolysed in the mitochondria by arginase to urea and Orn. Urea which leaves the mitochondria is hydrolysed by cytosolic urease, and the released ammonia, re-assimilated by GS1. Mitochondrial δOAT transfers the side chain amino group of Orn to 2OG generating one molecule of Glu and pyrroline-5-carboxylate which is oxidized to a second molecule of Glu by P5CDH. Glutamate can be exported from the mitochondria and serve as substrate for the cytosolic GS1-reacation. In total, all four N atoms of Arg are incorporated into Gln (Witte 2011) . Metabolites depicted in red are involved in arginine catabolism whereas those shown in green take part in the Arg biosynthesis (from Orn). ASL: argininosuccinate lyase; ASSY: argininosuccinate synthetase; GS1: cytosolic glutamine synthetase; δOAT: δ-ornithine aminotransferase; 2OG: 2-oxoglutaric acid; OTC: ornithine transcarbamylase, P5CDH: pyrroline-5-carboxylate dehydrogenase buffer (pH 8), 1 mM EDTA, 10 mM 2-mercaptoethanol, 5 mM dithiothreitol, 10 mM MgSO4, 1 mM cysteine and 0.6 % polyvinylpolypyrrolidone. Extracts were filtered through Miracloth (Calbiochem), centrifuged at 35,000g for 20 min at 4°C and the supernatants were used for the assay. GS activity was determined using a biosynthetic assay based on glutamyl hydroxamate synthesis (O'Neal and Joy 1973) .
GDH (L-glutamate:NAD + -oxidoreductase; EC 1.4.1.2) and phosphoenolpyruvate carboxylase (PEPC; EC 6.3.1.2) were extracted from frozen plant material (0.5 g) by grinding in a mortar containing liquid N 2 and 5 mL of an extraction buffer containing 100 mM maleic acid-KOH buffer (pH 6.8), 100 mM sucrose, 2 % 2-mercaptoethanol and 15 % ethylene glycol. Extracts were filtered through a single layer of Miracloth (Calbiochem), centrifuged twice at 4°C, first at 3,500g for 8 min and then at 30,000g for 20 min, and the supernatant was used for the activity assay. GDH activities in the aminating and deaminating directions were determined by following the absorption change at 340 nm by NADH-oxidation and NAD-reduction, respectively (Groat and Vance 1981) . PEPC activity was determined by coupling the reaction to malatedehydrogenase mediated NADH oxidation (GiglioliGuivarc'h et al. 1996) . PEPC activity was measured as a marker of interaction between N and C metabolisms (Ariz et al. 2012b) .
Urease was extracted from frozen plant material in 50 mM phosphate buffer (pH 7.5) containing 50 mM NaCl and 1 mM EDTA. In-gel detection of urease activity was performed following the methodology described by Witte and Medina-Escobar (2001) . In order to achieve a reliable quantification of urease activity, increasing amounts of a purified jack bean (Canavalia ensiformis) urease (Sigma St. Louis, MO, USA; EC 3.5.1.5) were used as standard followed by absolute quantification of unknown samples estimated from densitometry results, based on densitometry results of standards (jack bean urease).
Protein contents were quantified using a dyebinding Bradford micro-assay (Bio-Rad, Watford, UK) with bovine serum albumin as a standard.
Urease, GS and GDH contents
Plant samples were ground in liquid N 2 and homogenised as described above. SDS-PAGE was performed on 10 % separating gels and the resulting proteins (30 μg total soluble protein per line) were transferred into polyvinylidene difluoride (PVDF) membranes. Molecular markers were also loaded (Bio-Rad # 161-0305) in order to estimate the size of the polypeptides. The following monospecific polyclonal antibodies were used to estimate the urease, GS and GDH contents: anti-GS IgG, which was raised in rabbit against a specific peptide from pea GS (Acc. # CAJ87510.1; Cruz et al. 2011 ) and used at a 1:2000 dilution overnight at 4°C; anti-GDH IgG, which was raised in rabbit against a specific peptide from pea GDH (Acc. # CAJ87509.1; Cruz et al. 2011 ), at a 1:100 dilution overnight at 4°C; and antiCe urease IgG, which was raised in rabbit using jack bean urease (Sigma-Aldrich) as antigen (Ariz et al. 2012a ) at a 1:1000 dilution overnight at 4°C. The primary antibodies were hybridised with a peroxidase-conjugated goat antirabbit IgG, followed by luminescence detection using the ECL™ Plus kit (Amersham Biosciences, Buckinghamshire, UK). The antibody used for immunodetection of GDH enzyme did not show clear results on GDH detection in leaves (Cruz et al. 2011 ). Thus, GDH was not detected in leaves by the immunodetection assay with anti-GDH IgG (Acc. # CAJ87509.1; Cruz et al. 2011 ).
Determination of urea and ammonium contents
The urea contents were determined according to the method described by Witte et al. (2002) . Urease activity of plant samples was inactivated. Samples (0.2 g) of frozen tissues were immersed in liquid N 2 after addition of 1 mL of Milli-Q water. They were then boiled for 3 min and left to cool on ice. Cellular urea was obtained by stirring vigorously in a vortex followed by centrifugation (15,000g, 2 min). This last step was repeated with 0.5 mL (twice) in order to collect the total urea content. To avoid interference from other molecules such as ammonium and some amino acids, and/or to prevent the possible liberation of urea from charged precursor molecules, the supernatants were passed through ion-exchange columns (sample extraction products; Water Oasis; MCX and MAX). Determination of urea content was performed by spectrophotometry (UVIKON XS, BIO-TEK instruments, Microbem S.A., Madrid, SP) at 527 nm. The assay mixture contained 300 μL of plant extract and 900 μL of the reagent solution. The final concentrations of reagent solution compounds were 11.3 mM Diacetyl monoxime, 9 mM KNO 3 , 0.5 μ M Thiosemicarbazide, 2.8 mM HCl and 2 mM H 3 PO 4 ; (Kyllingsbaek 1975) . Incubations were at 80°C for 30 min. The reaction was stopped by cooling down in a bath at room temperature for 15 min in darkness.
Cellular soluble NH 4 + content was obtained by centrifugation (20,000g, 30 min) of tissues (0.2 g fresh weight) incubated in 1 mL of milli-Q water at 80°C in a bath for 5 min. The supernatants (leaves and roots) were stored at −20°C until analysis by ion chromatography. Ammonium content was determined using an isocratic method with 20 mM metanosulphonic acid solution as eluent in a Dionex-DX500 ion chromatograph (Dionex Corporation, CA, USA) with Ion Pac CG12A and Ion Pac CS12A columns. Detection was carried out using a conductivity method in the electrochemical detector ED 40 (Dionex). Samples were injected with an AS40 autosampler (Dionex) at a 1:10 dilution in milli-Q distilled water.
Determination of soluble amino acid profiles
Frozen plant samples (0.2 g) were ground with liquid N 2 in a mortar and homogenized with 1 M HCl. The resulting mixture was allowed to settle for 10 min on ice and then centrifuged at 21,000g for 10 min at 4°C. The supernatant was removed and stored at −20°C before subsequent analysis. The soluble amino acid and γ-aminobutyric acid (GABA) contents were determined by high-performance capillary electrophoresis (Takizawa and Nakamura 1998; Arlt et al. 2001 ) using a Beckman Coulter PA-800 apparatus (Beckman Coulter Inc., Brea, CA), equipped with a fused silica capillary (diameter: 50 μm; length: 43/53.2 cm), in electrophoresis buffer containing 80 mM borax and 45 mM α-cyclodextrin, pH 9.2. Analyses were performed at 30 kV and 20°C. The detection method was by laser-induced fluorescence (argon ion: 488 nm; Beckman Coulter Inc). Known concentrations of norvaline and homoglutamic acid were added to all samples as an internal reference. The extracts were neutralized, diluted (1:5) with 20 mM borate buffer pH 10, and derivatized before detection with 1 mM of fluorescein isothiocyanate in acetone. Asn+Pro contents were detected as a single peak.
Isotopic analysis and C-N determination δ 15 N, % N and % C were determined from shoot samples (approx. 1 mg DW) by isotope ratio mass spectrometry under continuous flow conditions 80 % ethanol (v/v) . The mixture was sonicated for 30 min and centrifuged at 4,000g for 5 min (Fernández-Fernández et al. 2010) . The anions (organic acids) in the supernatants were analyzed as described by Fernández-Fernández et al. (2010) .
Statistical analysis
All data collected underwent statistical analysis. First, one-way-Anova test was performed for each condition separately, analysing the effect of nitrogen source (N) under control conditions and then urease inhibitor application (I) for each nitrogen treatment (I-NO 3 − and I-
). Finally, a two-factor analysis of variance (twoway Anova) test was used in order to study the two factors N source (N) and urease inhibitor application (I), simultaneously. This test additionally reveals whether the effect on the response variable (parameters, N metabolites levels, etc.) of one factor (e.g. I) depends on the specific value or level of the second factor (N), showing the possible occurrence of interaction between both explanatory variables (N x I). All statistical analyses were conducted at a significance level of 5 % (P≤0.05). Significant differences and interaction between explanatory variables (factors) are indicated with asterisks in tables and graphics.
Results
Physiological response of N metabolism of pea plants to N source: parameters of the Arg catabolism pathway Pea plants grown with nitrate showed a higher dry weight (around 30 % higher) and a lower root/shoot ratio than those grown under ammonium nutrition (Table 1) . Additionally, endogenous urease activity was higher (more than twofold) in roots than in leaves (Table 2) .
Urease expression (Fig. 1a ) and urea and ammonium contents (Table 3) were significantly higher in ammonium-fed plants (leaves and roots), which also showed higher urease activity (Table 2 ) and higher root amino acid content than nitrate-fed pea plants (Table 3) .
Roots of ammonium-fed plants showed an increased GDH content (Fig. 1c ) and higher GDH activities (both NADH-and NAD-dependent) than roots of nitrate-fed plants ( Table 2 ). The PEPC activity was significantly higher under nitrate than under ammonium conditions (Table 2) . Statistical analysis was performed. First, one-way-Anova test was performed for each condition, analysing the effect of nitrogen source (N) under control conditions, then urease inhibitor application (I) for each nitrogen treatment (I-NO 3 − and I-NH 4 + ) and finally, the both factors interaction (N×I) was determined by a two-way Anova test. Values are mean ± SE. Asterisk denotes significant differences at 95 %; "ns" indicates no significant differences (n=10) Values are mean ± SE. Asterisk denotes significant differences at 95 %; "ns" indicates no significant differences (n=6) Some amino acid classes were affected by the N source. Thus, ammonium-fed pea plants accumulated higher levels of soluble amino acids than nitrate-fed pea plants, (Table 3) . In this way, the N source had a significant effect on the content of amino acids in leaves, with a lower C/N ratio (i.e. Gln, Asn-Pro and Arg) as well as Branched-chain amino acids (BCAA) and GABA, which were present in higher levels when ammonium was supplied as the sole N source (Fig. 2) . Glu and Asp were higher in leaves from nitrate-fed plants than in ammonium-fed counterparts (Fig. 2) . In roots, besides the amino acid classes present in leaves, those derived from phospoenolpyruvate (PEP) via the shikimate pathway (i.e. Trp, Tyr and Phe) were also present in higher levels under ammonium nutrition than under nitrate nutrition (Fig. 3) .
The organic acid content of nitrate-fed plants was higher than in ammonium-fed counterparts. Furthermore, organic acids were mainly detected in leaves (Fig. 4) , with malate and citrate being the main organic acids in both organs for both N sources.
NBPT effects on N metabolism in pea plants grown with ammonium or nitrate In order to avoid detrimental effects on plants grown in inhibitor, the urease inhibitor was applied only for 9 days at 100 μM. Thus, the presence of the urease inhibitor NBPT in the nutrient solution had no significant effect on pea plant growth in terms of biomass increase and negligibly modified the distribution of photoassimilates between these two organs (root/shoot ratios; Table 1 ). By contrast, the photosynthetic rate was differentially affected by NBPT application in nitrate-and ammonium-fed plants. Thus, NBPT-treated pea plants grown with nitrate showed a lower photosynthetic rate than control plants, whereas ammonium-fed pea plants increased their photosynthetic activity after the application of urease inhibitor (Table 1) .
A strong decrease of endogenous urease activity (Table 2 ) was observed in NBPT-treated plants grown using both N sources, consistent with increased urea content (Table 3) . Furthermore, the urease content in leaves decreased significantly after NBPT application for both N sources, whereas in roots this only occurred under ammonium nutrition (Fig. 1a) . The ammonium content was found to be higher in leaves from NBPTtreated plants for both N sources (Table 3) .
With regards to the enzymes involved in C/N metabolism, NBPT application resulted in an increase in cytosolic GS (GS1) expression for both N sources, ranging from 20 % to 30 % in leaves to 166 % in roots (Fig. 1b) . However, GS activity was slightly inhibited by NBPT in leaves, although it was not affected in roots (Table 2 ). The response of GDH to NBPT varied depending on the N source supplied. Thus, higher root expression (50 %) was found in NBPT-treated plants under nitrate nutrition, whereas its content decreased (23 %) after NBPT application in ammonium-fed plants (Fig. 1c) . The GDH activities (NAD-and NADH-dependent) increased after NBPT application on the leaves of ammonium-fed plants (Table 2) . PEPC was only affected by NBPT in the leaves of ammonium-fed plants, which showed a higher activity than under control conditions (Table 2 ). Under conditions of decreased endogenous urease activity there were decreased Arg and Pro-Asn contents and increased levels of Cys and GABA in leaves (Fig. 2) . Furthermore, the BCAA content (i.e. Val, Leu and Ile) of ammonium-fed plants increased after NBPT application, whereas under nitrate nutrition, those derived from PEP via the shikimate pathway (i.e. Trp, Tyr and Phe) were particularly affected in the roots (Trp and Phe decreased and Tyr increased; Figs. 2 and 3) .
Although organic acids did not, in general, appear to be significantly affected by NBPT, ammonium-fed plants showed a clear trend towards a higher organic acid content when urease inhibitor was supplied (Figs. 4 and 5) .
In light of the different responses of nitrate-and ammonium-fed plants to NBPT in terms of photosynthesis (Table 1) , the natural isotopic abundances of C (δ 13 C) and N (δ 15 N), total C and N contents (%) and C/N ratio were analysed in leaves. NBPT-treated plants showed lower photosynthetic rates under nitrate nutrition (Table 1) , thus leading to a direct effect on the natural isotopic abundance of C (δ 13 C, higher values) and a lower total C content (%) and lower C/N ratio relative to control plants (Table 4) . In contrast, ammonium-fed plants treated with NBPT displayed a higher photosynthetic rate (Table 1) , thus giving rise to increased foliar PEPC activity (Table 2) , higher organic acid contents (Fig. 4) , and, finally, a higher total C content and C/N ratio (Table 4) .
Discussion
The difficulty in separating effects of the inhibition of urease from side-effects of the NBPT molecule itself obscures the cause of the phenomenology Statistical analysis was performed. First, one-way-Anova test was performed for each condition, analysing the effect of nitrogen source (N) under control conditions, then urease inhibitor application (I) for each nitrogen treatment (I-NO 3 − and I-NH 4 + ) and finally, the both factors interaction (N×I) was determined by a two-way Anova test. Values are mean ± SE. Asterisk denotes significant differences at 95 %; "ns" denotes no significant differences (n=4-6) observed during the experiment after NBPT application. NBPT is a urease inhibitor widely applied onto soil because of its higher effectiveness on urease inhibition compared with alternative urease inhibitors (e.g. phenylphosphorodiamidate, PPD; Chai and Bremner 1986; 1987) . In this way, it was expected that the main target of NBPT, when it was applied temporary, would be urease enzyme and that any other possible N metabolic modification shown in NBPT-treated plants would be derived from this main effect, i.e. inhibition of urease activity. Thus, major changes of N metabolism observed in this work will be assumed to be a product of urease activity reduction by NBPT application and not as side-effects of the molecule itself, which in any case, occurred in plant metabolism, they would be the same in every treated plant, although possibly to variable extents. − and I-NH 4 + ) and finally, the both factors interaction (N x I) was determined by a two-way Anova test. Values are mean ± SE. Asterisk denotes significant differences at 95 %; "ns" indicates no significant differences; Gly was no detected Do ammonium-fed plants have activated arginine catabolism?
Although pea plants can be considered to be an ammonium tolerant species (Lasa et al. 2001) , ammonium-fed plants accumulated less biomass than their nitrate-fed counterparts. It has been suggested that the activity of the enzymes involved in Arg catabolism (i.e. arginase and urease) are regulated by the magnitude of the N supply and the root sink strength, with these enzymes increasing their activity at higher root sink strengths (e.g. in symbiotic associations with arbuscular mycorrhizal fungus; Cruz et al. 2007 ). Thus, Arg catabolism can be expected to be higher (activation of arginase and urease) in those plants grown on ammonium, which showed a higher root to shoot ratio and therefore greater Fig. 3 Profiles of soluble amino acid in roots of pea plants grown with different sources of N (nitrate and ammonium) and with (NBPT) or without (control) inhibition of the endogenous urease activity by NBPT application (n=3). Statistical analysis was performed. First, one-way-Anova test was performed for each condition, analysing the effect of nitrogen source (N) under control conditions, then urease inhibitor application (I) for each nitrogen treatment (I-NO 3 − and I-NH 4 + ) and finally, the both factors interaction (N x I) was determined by a two-way Anova test. Values are mean ± SE. Asterisk denotes significant differences at 95 %; "ns" indicates no significant differences root sink strength. We have shown herein that the induction of endogenous urease activity is dependent on the N source used and is greater in ammonium-fed than in nitrate-fed plants. Furthermore, the differential response of C-N metabolism to the NBPT application in plants grown on nitrate or ammonium, in terms of metabolites, photosynthesis and enzyme expression and activity, indicates a distinct degree of activation of Arg catabolism depending on the inorganic N source supplied.
On one hand, ammonium-fed plants showed significantly higher levels of N compounds involved in Arg catabolism, as well as higher urease activity and expression under control conditions. On the other, some amino acid classes also presented significant differences compared to nitrate nutrition, with those derived from PEP via the shikimate pathway (i.e. aromatic amino acids) and BCAAs being present in greater quantities in ammonium-fed plants. Noctor et al. (2002) have reported a close inter-family correlation between shikimate pathway amino acids and the branched-chain amino acids in leaves of wheat and potato, thus showing a co-ordination in their contents under different conditions of C availability. They also argued that differences between the leaves in terms of First, one-way-Anova test was performed for each condition, analysing the effect of nitrogen source (N) under control conditions, then urease inhibitor application (I) for each nitrogen treatment (I-NO 3 − and I-NH 4 + ) and finally, the both factors interaction (N×I) was determined by a two-way Anova test. Values are mean ± SE. Asterisk denotes significant differences at 95 %; "ns" indicates no significant differences protein turnover rates and amino acid storage ability could be critical to the co-ordinated variation of these amino acids (Noctor et al. 2002) . Likewise, it has been reported that ammonium nutrition has a high C requirement , with ammonium-fed plants showing C-starvation responses when ammonium is supplied at high concentrations (Ariz et al. 2012b) . BCAA catabolism may be activated under such conditions as it is stimulated by C-starvation (Binder et al. 2007) .
Thus, the greater degree of activation of the Arg catabolism in ammonium-fed plants in combination with the higher contents of some minor amino acids (BCAA and the shikimate pathway) that play a key role in N recycling in catabolic states, suggest that an accelerated N remobilization and recycling process (fast protein turnover) occurs under ammonium nutrition. This hypothesis has been previously suggested, and protein oxidation data for ammonium-and nitrate-fed pea plants was presented (Domínguez-Valdivia et al. 2008) . The Arg catabolism disruption experiments by NBPT application presented herein provide further support for this hypothesis.
A fast protein turnover may explain the early plant flowering commonly observed under ammonium nutrition (e.g. Xu et al. 2001 ) and the early symptoms of senescence observed when the Arg catabolism pathway is disturbed in ammonium-fed plants (see bellow and Schema S3).
NBPT application reveals a different N metabolic response in ammonium-and nitrate-fed pea plants Both nitrate-and ammonium-fed pea plants showed endogenous urease activity. In agreement with previous studies , application of the urease inhibitor NBPT decreased this activity markedly in both the leaves and roots of pea plants grown with either nitrate or ammonium as the sole N source. This inhibition was higher in leaves than in roots, as previously reported by Watson and Miller (1996) in ryegrass plants. This finding could be explained because most of the absorbed NBPT is rapidly translocated from the roots to the shoots .
Somewhat surprisingly, apart from the expected accumulation of urea, the inhibition of endogenous urease in leaves from nitrate-fed plants led to a higher ammonium content than in control plants. This ammonium accumulation may be related to lower GS activity, which was also correlated to the lower natural isotopic abundance of N (δ 15 N) detected. It has been suggested that the N isotope discrimination resulting from assimilatory nitrate reduction in leaves is caused by an overlap between the kinetic isotope effect on the Table 4 Natural N and C isotopic composition, C and N contents (%) and C/N ratio in leaves of pea plants grown on nitrate or ammonium as sole N source and treated with or without (control) urease inhibitor, NBPT N depletion in NBPT-treated leaves. Together with this N-metabolic response, NBPT application led to lower photosynthetic rates, which had a direct effect on the natural isotopic abundance of C (δ 13 C), total C content (%) and the C/N ratio, thereby suggesting a lower stomatal conductance (Farquhar et al. 1989 ) and thus a lower C influx (see Schema S2).
A strong reduction of endogenous urease activity by NBPT was also observed in ammonium-fed plants, thus meaning that the urea content in the leaves had increased. Higher ammonium content was also detected under ammonium nutrition, although in this case no significant changes in GS activity or δ 15 N were observed. NBPTtreated ammonium-fed plants also displayed an activation of PEPC and GDH activities and photosynthesis, together with the ammonium accumulation, higher BCAA contents and necrotic symptoms observed (not shown), which could suggest an accelerated leafsenescence process in NBPT-treated leaves under ammonium nutrition. It has recently been reported that on one hand, PEPC is up-regulated during N remobilization from senescing leaves (Taylor et al. 2010 ) while on the other, plants grown at high ammonium concentrations showed higher C demand , triggering a toxicity response with characteristic patterns of Cstarvation, a strong activation of C metabolism and upregulation of anaplerotic enzymes (PEPC, ICDH, GDH) to provide C intermediates (Ariz et al. 2012b) . Additionally, BCAA catabolism in plants is stimulated by C-starvation and darkness (Binder et al. 2007) , and the disruption of the BCAA catabolism pathway (particularly Leu) under extended darkness leads to an accelerated senescence phenotype (Ishizaki et al. 2005 ). All these symptoms described above and (totally or partially) shown by ammonium-fed plants after NBPT application may be related to early senescence of the ammonium-fed plants caused by the NBPT application.
The decrease of Arg foliar content after NBPT application obtained under both N nutrition regimes could be related to other metabolic pathways such as polyamine metabolism (anabolism and catabolism via Orn), which might be affected by the disturbed Arg catabolism. Variations in the content of amino acids involved in this pathway were also observed (e.g. GABA, Arg, Pro; Bhatnagar et al. 2002; Mattoo et al. 2010) . Another possible explanation for the reduction of Arg content in leaves (together with the reduction of Asn-Pro) could be the possible effect on ornithine-δ-aminotransferase (δOAT) by the modified Arg catabolism pathway after NBPT application. The enzyme δOAT, converts Orn to pyrroline-5-carboxylate (P5C; see Schema 1), thereby constituting a major exit route of N from Orn or Arg (Funck et al. 2008) .
After showing in this study the different N metabolic response to NBPT application in ammonium-and nitrate-fed pea plants, complementary studies about NBPT effect on other metabolic pathways linked to Arg metabolism would be of great interest in the agricultural context. They would provide important information about the NBPT effects on crops and for the subsequent management of N-containing fertilisers together with urease and nitrification inhibitors.
